Phylogeographic endemism, the degree to which the history of recently evolved lineages is spatially restricted, reflects fundamental evolutionary processes such as cryptic divergence, adaptation and biological responses to environmental heterogeneity. Attempts to explain the extraordinary diversity of the tropics, which often includes deep phylogeographic structure, frequently invoke interactions of climate variability across space, time and topography. To evaluate historical versus contemporary drivers of phylogeographic endemism in a tropical system, we analyse the effects of current and past climatic variation on the genetic diversity of 25 vertebrates in the Brazilian Atlantic rainforest. We identify two divergent bioclimatic domains within the forest and high turnover around the Rio Doce. Independent modelling of these domains demonstrates that endemism patterns are subject to different climatic drivers. Past climate dynamics, specifically areas of relative stability, predict phylogeographic endemism in the north. Conversely, contemporary climatic heterogeneity better explains endemism in the south. These results accord with recent speleothem and fossil pollen studies, suggesting that climatic variability through the last 250 kyr impacted the northern and the southern forests differently. Incorporating sub-regional differences in climate dynamics will enhance our ability to understand those processes shaping high phylogeographic and species endemism, in the Neotropics and beyond.
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Phylogeographic endemism, the degree to which the history of recently evolved lineages is spatially restricted, reflects fundamental evolutionary processes such as cryptic divergence, adaptation and biological responses to environmental heterogeneity. Attempts to explain the extraordinary diversity of the tropics, which often includes deep phylogeographic structure, frequently invoke interactions of climate variability across space, time and topography. To evaluate historical versus contemporary drivers of phylogeographic endemism in a tropical system, we analyse the effects of current and past climatic variation on the genetic diversity of 25 vertebrates in the Brazilian Atlantic rainforest. We identify two divergent bioclimatic domains within the forest and high turnover around the Rio Doce. Independent modelling of these domains demonstrates that endemism patterns are subject to different climatic drivers. Past climate dynamics, specifically areas of relative stability, predict phylogeographic endemism in the north. Conversely, contemporary climatic heterogeneity better explains endemism in the south. These results accord with recent speleothem and fossil pollen studies, suggesting that climatic variability through the last 250 kyr impacted the northern and the southern forests differently. Incorporating sub-regional differences in climate dynamics will enhance our ability to understand those processes shaping high phylogeographic and species endemism, in the Neotropics and beyond.
Introduction
Spatial measures of phylogenetic diversity [1] and weighted endemism [2] have been combined to map phylogenetic endemism (PE): the degree to which units of phylogenetic diversity are spatially restricted [3] . While these analyses portray the concentration of evolutionary history in geographical space and improve biodiversity studies and conservation strategy, relatively little is known about the biological processes that underscore PE and related metrics. Three main mechanisms contribute to PE: lineage differentiation, lineage maintenance through time and range restriction owing to abiotic or biotic factors [4] . Yet, biome-wide studies that investigate their relative roles are still lacking. These issues are particularly relevant in tropical regions, where deep phylogeographic structuring and concomitant high genetic endemism are prevalent [5, 6] . Hypotheses to explain high diversity and endemism in the tropics frequently invoke climatic heterogeneity in space [7] and time [8] , often associated with the expectation that tropical species have restricted physiological tolerances [9, 10] .
We focus on the processes of lineage maintenance and range restriction and ask how environmental shifts in the Late Quaternary (last 120 000 years or 120 kyr) influenced present-day patterns of genetic diversity and endemism in the Atlantic rainforests of Brazil. To understand how the distribution of genetic variation has been impacted by recent history, we develop a new measure of endemism that is based on the tips of the Tree of Life-phylogeographic lineages. Differently from previous usages of higher rank phylogenies in studies of PE and genetic diversity [3, 11] , the metric is not affected by branch lengths and tree topology at deep phylogenetic levels (e.g. genera or higher), which may reflect processes older than those of interest [12] . This new measure of fine-scale PE ( phylogeographic endemism hereafter) describes how much the history of recently evolved lineages is spatially restricted. This depends on the range of the lineage, how much of its history is shared with closely related lineages and how widespread the latter are.
We expect both past and present-day climate to influence lineage range and hence phylogeographic endemism. Former climate dynamics should be a strong predictor of phylogeographic endemism patterns because of their direct and indirect impacts on the three main underlying processes [13, 14] . First, environmental barriers may have promoted vicariance and genetic divergence [7, 15] . Second, the location of historical climatic refugia (areas of relative habitat stability), particularly over the Late Quaternary, are tied to maintenance and accumulation of species or lineage diversity [16, 17] . Lastly, past climates may have played a role in restricting contemporary lineage range by preventing access to areas that are currently suitable for species occurrence. Yet, the influence of contemporary conditions should not be overlooked. Climatic heterogeneity (now and in the past) directly affects the distribution of lineages through speciesspecific physiological constraints (e.g. low metabolic rates and performance [18] ), as well as variation in the availability of energy and water (the productivity-diversity relationship [19] ). Indirectly, climates also affect species distributions through suitability to parasites, pathogens, predators or competitors [20] .
To test whether climate-based distributions of habitats both now and over the Late Quaternary accurately predict patterns of phylogeographic endemism, we combine multispecies phylogeographic data with spatial modelling of habitats to provide a high-resolution comparison within the hyperdiverse Brazilian Atlantic Forest (AF hereafter). Specifically, we investigate the roles of climate change and forest stability over the last 21 and 120 kyr ( potentially impacting lineage maintenance through time), as well as current climatic heterogeneity (measured by net primary productivity (NPP) and a potential driver of lineage range restriction based on contemporary climatic conditions), on phylogeographic endemism. Although fine-scale palaeoecological data demonstrate that climate and forest community composition have been highly dynamic in the AF [21] , we use the term 'forest stability' as a relative measure of the extent to which a particular grid cell has been continuously occupied by a forest-type environment, irrespective of plant community composition.
Material and methods
We used BIODIVERSE [22] to map phylogeographic endemism across the Atlantic forest based on new and published mitochondrial sequence-level data from 25 vertebrate species or closely related species groups (electronic supplementary material, methods, tables S1 and S2). As we are interested in the distribution of genetic lineage diversity and it is somewhat arbitrary whether lineages are recognized taxonomically (typically depending on whether divergence is morphologically cryptic or diagnosable), we include phylogeographic data both within-species (n ¼ 19) and across very closely related species (n ¼ 06). More than 90% of the data come from amphibians and reptiles, low-dispersal species for which the impacts of environmental change are expected to be the strongest. To calculate phylogeographic endemism, the length of each branch on the genealogy is divided equally across the grid cells in which it or its descendant lineages occur. These adjusted branch lengths are then summed for each cell, as described in [3] . High scores therefore are allocated to regions where a large component of phylogenetic variation is restricted to a small area.
Because BIODIVERSE [22] requires species presence data for all grid cells to estimate endemism, we used geo-referenced information from each species to generate correlative models of species distribution (electronic supplementary material, methods and dataset S1). Lineage-specific ranges were defined by superimposing the geo-referenced haplotype data on the genealogical trees. The molecular data were represented in BIODIVERSE [22] as a single, composite phylogeny that includes the withinspecies genetic information for all species in the study. To focus on recent evolutionary history, we incorporated only those well-supported clades identified within each species (more than 80% maximum-likelihood bootstrap support) and removed all other (higher level) phylogenetic information from our analyses (electronic supplementary material, figure S1 ). Nuclear data available from 19 target species or species complexes (two widespread, 10 in the south, seven in the north) demonstrate that several (or, in two cases of comprehensive nuclear DNA sampling, all) mtDNA lineages represent independently evolving organismal lineages ( [23] [24] [25] [26] [27] and R. Damasceno, C. Firkowski, I. Prates, D. Rivera, M. Strangas 2014, unpublished data).
To address whether phylogeographic endemism patterns can be explained by inferred shifts of the forest climate through time, we built correlative models of forest distribution under presentday conditions and projected them onto past climates at 4 kyr intervals extending through a full glacial cycle (120 kyrs), as well as at 1 kyr intervals back to the last glacial maximum (LGM). Because phylogeographic data gathered from AF species with distinct environmental requirements (e.g. lowland versus montane specialists) indicate that preliminary palaeomodels of the forest [15] were inefficient at explaining differential historical responses to climate change across different species pools [23, 28] , we identified and independently modelled distinct environmental envelopes occupied by the biome. For that, we used simple ordination methods to delimit unique climate spaces within the forest (electronic supplementary material, methods). Because studies of humid air circulation in the AF suggest the existence of two distinct climatological units (a northern forest characterized by rainy winters and a southern forest with rainy summers [29] ), we implemented a K-means cluster analysis to our PCA plots by setting the algorithm to identify two distinct climatic spaces. Once the climatic uniqueness of these two forest spaces was verified (see Results), we generated separate correlative models of forest distribution based on randomly extracted points from each of the two climatic regions.
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To estimate the impact of historical climate change on forest persistence, we first developed present-day models of the distribution of the entire forest, as well as of each PCA-delimited forest space. As per recent studies [30] , we projected these models to snapshot climatic simulations covering the last 120 kyr using the Hadley Centre Climate model (HadCM3 [30, 31] ), for which climatic reconstructions are available at small (1 or 4 kyr) time intervals, enabling a more continuous and dynamic view of forest shifts through time (electronic supplementary material, methods). Using Viterbi's algorithm [32] to combine predictions of past distributions of the forest across time intervals, we estimated historical, climate-based forest stability per pixel while allowing for 0, 5 and 10 m forest dispersal per year [33] . These maps are henceforth referred to as dynamic refugia maps, and the forest stability values obtained per grid cell were used in our predictive model as proxies for the potential to maintain lineages locally through periods of climate fluctuation.
To evaluate how present-day climatic heterogeneity potentially restricts the distribution of our target lineages and affects patterns of endemism, we applied K-means clustering to a PCA analysis based on values of mean temperature, mean precipitation and annual temperature seasonality from random forest localities. With this, we delimited the largest possible number of distinct, diagnosable climatic spaces within the forest. We then calculated the area of each polygon, or uniquely recognized climatic space, under contemporary conditions and applied this value to all grid cells within each respective polygon as a proxy for contemporary lineage restriction potential.
To assess the relative effects of historical and present-day climate heterogeneity on phylogeographic endemism, we examined correlations between per grid cell values of phylogeographic endemism and scores of forest stability over 120 kyr, forest stability over 21 kyr, the total area of the contemporary climatic space occupied by each cell (potential for lineage restriction in geographical space) and NPP [34] per cell. We used the software Spatial Analyses in Macroecology (SAM [35] ) to calculate correlation coefficients, testing for significance after correcting for spatial autocorrelation. Additionally, we used SAM's partial least-squares regression analysis to determine coefficients of determination (r 2 ) and examine the relative explanatory power of historical versus contemporary climatic diversity in predictions of phylogeographic endemism.
Results
A PCA-based clustering of the AF environmental space demonstrates the distinctiveness of the climatic envelopes occupied by the lowland and mid-elevation forests of the north (above 208S) relative to the generally cooler and higher elevation forests of southern and southeastern Brazil (figure 1). Climate niche analyses [36] further demonstrate that the environmental spaces occupied by these northern and southern components of the forest are significantly less similar to each other than expected by chance ( p , 0.01). This environmental shift begins a few kilometres south of the Rio Doce and is matched by strong biological turnover, as shown by the PCA plots of the climatic spaces occupied by all species included in the study ( figure 1, left) . Following this PC-based classification, nine species can be categorized as having a mostly northern (lowland, mid-elevation) distribution, whereas 12 have a southern (montane) distribution (four taxa are widespread, figure 1 ; see the electronic supplementary material, table S1, for classifications). The level of agreement between the geographical limits of these two species assemblages and the northern and southern climatic spaces of the forest is evident ( figure 1) .
Dynamic refugia maps generated independently for the northern and southern climatic spaces of the forest are also non-overlapping regardless of the time period modelled, as expected given marked environmental turnover (figure 2; electronic supplementary material, figure S2 ). When forest refugia are estimated under 0 m forest dispersal per year (static forest refugia [33] ), the forest stability levels inferred over the last 21 kyr are strikingly similar to those calculated over the last 120 kyr (figure 2). When forest dispersal is allowed at 5 and 10 m per year (dynamic forest refugia [33] ), the inferred level of forest stability is considerably larger for calculations going back 120 kyr relative to 21 kyr (electronic supplementary material, figure S2) .
Akin to the Carnaval-Moritz model [37] , climatic suitability for forest occurrence over time is high in the northern forests, across Bahia, northeastern Minas Gerais and Espírito Santo. Moreover, the inferred stability of forest distributions is higher in the north than the south when the two forest climatic spaces are modelled independently (figure 2). However, both the overall forest model and the southern climate space model suggest higher levels of forest stability in the south relative to previous hypotheses [37] (figure 2). Particularly notable are the regions of high relative stability of forest distributions in the highlands of the states of São Paulo, Paraná and Santa Catarina. Dynamic refugia maps, allowing for forest dispersal across time periods, also support this (electronic supplementary material, figure S2 ).
Applying K-means clustering to a PCA analysis of the forest climatic space, we found the upper limit of K that allows for the recognition of the largest number of climatically discrete spaces to be 14 (electronic supplementary material, figure S3 ). We therefore used the geographical area of each uniquely recognized climatic space as a conservative proxy for present-day potential for lineage restriction in space.
Across the 25 species examined, we identified 109 major phylogeographic lineages from mtDNA analyses (electronic supplementary material, methods and figure S1). Phylogeographic endemism for these taxa is unarguably high across the forest. Relatively smaller values were estimated for the northernmost and southernmost edges of the biome, yet samples from these localities are available only from a relatively small number of species (figures 1 and 3 Left column: PCA-based identification of two climatically distinct spaces within the AF (top graph, black and red points), followed by maps of their respective northern (black) and southern (red) geographical ranges. In both maps, the areas in grey indicate the remaining extent of the forest; the location of the Rio Doce is shown with an arrow. Right column: PCA-based identification of species assemblages along the climatic axes of the AF (top), identifying the environmental spaces occupied by those taxa with northern (black), southern (red) or widespread (green) distributions. The graph is followed by maps of the superimposed ranges of the northern and southern species, respectively. In both maps, darker shades of grey represent pixels with greater species richness, as per superimposed correlative species distribution models. An elevation map is provided at the bottom of the figure (left), followed by a map of point localities of all species (right), shown over a grey mask of the AF. The colour scheme used for the point localities follows that of the PCA analysis (northern species shown in black, southern taxa in red, widespread species in green). figure S4 ). The correlation between historical forest stability and phylogeographic endemism in the north nonetheless weakens as forest dispersal is included in the analysis, becoming marginally significant over the 21 kyr period and non-significant over the last 120 kyr period (electronic supplementary material, table S3 and figure S4 ). 
Discussion
Identifying how current and historical climate variation has shaped diversity within Neotropical (and other hyperdiverse) biomes remains a challenge. Through an ordination-based analysis of the AF climate, we identified two broadly different climatic regimes-one mostly distributed in the north, the other in the southern areas of the biome. The transition between these climatic spaces happens roughly around the Rio Doce-a known biogeographic divide [38, 39] . This major bioclimatic transition also matches patterns of species turnover between the northern and the southern portions of the AF based on locality data for 25 vertebrate species (figure 1), published observations of precipitation seasonality discontinuities [29] , as well as faunal changes revealed by panbiogeographical analyses [40] . This demonstrates that the geographical patterns of environmental shifts along the AF are intimately linked to the current and former distribution of its fauna and flora, and may suggest a climate-physiological basis, rather than river-associated vicariance [41] , for the observed patterns of diversity and endemism. By independently modelling these two bioclimatic domains within the AF, we are able to generate predictions of climatebased forest refugia and accumulation of unique lineages that match phylogeographical patterns across distinct species pools. Climatic refugia in the lowland and mid-elevation forests detected in this study are predicted to have been larger in the north relative to the south, in agreement with the CarnavalMoritz [37] model and the historical scenarios of demographic change inferred from phylogeographic data for widely ranged species [17, 42] . Yet, these new models of dynamic refugia of the southern forests, which have a strong montane and sub-tropical component, match the recently accumulated phylogeographic data for seemingly cold-associated taxa [23, 28] . This supports the notion that microrefugia [43] played an important role in maintaining diversity over time in the highlands and higher latitudes of the AF. The models also highlight the existence of forest refugia in poorly sampled regions of southern Brazil (e.g. in the Serra Geral, in Paraná and Santa Catarina). We predict that targeted surveys will uncover yet undescribed species and cryptic lineages in those areas, similarly to the findings of recent inventories in the forests of Bahia [44] .
The results unequivocally show that the southern and northern forests in Brazil, as well as the endemism patterns of its assemblages, are subject to different current and palaeoclimatic drivers. Because improvement in biodiversity prediction is here observed through the introduction of the smallest possible amount of complexity (i.e. splitting the forest into just two bioclimatic domains), the recognition of additional environmentally distinct regions may further increase the explanatory power of habitat and refugia models, particularly in biomes more complex than the one we target. The incorporation of spatially explicit models of lineage differentiation, guided by well-documented topographic changes of the Brazilian relief and validated with time-calibrated genealogies, shall further advance prediction of phylogeographic endemism in the biome.
Correlation analyses and regression models demonstrate that spatial patterns of phylogeographic endemism are closely linked to both historical climate dynamics (through relative forest stability) and current climatic drivers of lineage ranges and productivity (table 1; electronic supplementary material, tables S4 and S5). The results show that forest persistence over time is a necessary condition, although not sufficient, for high phylogeographic endemism. Nowhere was high phylogeographic endemism observed in a region of low forest stability as per the new predictive models. Yet, the analyses demonstrate that the contemporary (interglacial) conditions impact the distribution of evolutionary history in the southern taxa more strongly.
Whether historical or current climatic drivers of lineage ranges will more strongly determine endemism patterns in this biome or others depends, we suggest, on a combination of two factors: the general environmental tolerances of the focal biological assemblages and the current phase of the climate cycle. In the AF, these aspects may explain why the balance between contemporary and past drivers of phylogeographic endemism differs between the north and the south. Cold-associated (largely southern) taxa are now in the range-contracted part of their climate cycle, and thus strongly constrained by the interglacial environment that we now experience. Yet for the low-and mid-altitude taxa, several of which are widespread or present in the northern forests and whose ranges are fairly expanded given today's environment, historical climate conditions (especially the LGM) are more effective at explaining phylogeographic endemism because they better reflect past (contracted) ranges of the biota. Comparative physiological data from lineages pertaining to these distinct species pools will shed light on the mechanisms underlying the strong correlative patterns we detect and the biotic processes here proposed. These results are well integrated with recently gathered speleothem and pollen fossil data, suggesting that orbitaland millennial-scale climatic variability through the last 250 kyr impacted the northern and the southern regions of the AF differently: while precipitation patterns in the northern forests have been in phase with those of Eastern Amazonia, those in the south matched that of Western Amazonia and the Andean forests [45] . As suggested by the palaeoclimatic evidence, these two large systems have been acting as a dipole: climatic conditions in the northern AF and Eastern Amazonia were similarly drier in the LGM relative to today's climate, and generally wetter in the Mid-Holocene, whereas the opposite occurred in the southern AF, Western Amazonia and the Andes [46] . These differential mechanistic links affecting the southern and northern regions of the forest are consistent with emerging biological data that indicate distinct histories of interconnection between northern and southern AF species with other South American forests [47] . More broadly, they reinforce our conclusion that the incorporation of sub-regional differences in contemporary and former climates is relevant to and improves overall prediction of endemism and historical demography across taxa with radically different environmental correlates. We expect that more nuanced climatic analyses of other large complex biomes (e.g. sub-Saharan Africa [48] , Amazonia [49] and Neotropical savannahs [50] ) will help advance biodiversity prediction and conservation in tropical hotspots worldwide.
